Abstract-Thanks to the recent advancements in drone technology, it has become viable and cost-effective to quickly deploy small cells in areas of urgent needs by using a drone as a cellular base station. In this paper, we explore the benefit of dynamically repositioning the drone base station in the air to reduce the distance between the BS and the mobile user equipment, thereby improving the spectral efficiency of the small cell. In particular, we propose algorithms to autonomously control the repositioning of the drone in response to users activities and movements. We demonstrate that, compared to a drone hovering at a fixed location, dynamic repositioning of the drone moving with high speed can increase spectral efficiency by 15%. However, considering the tradeoff between spectral efficiency and energy efficiency of the drone, we show that 10.5% spectral efficiency gain can be obtained without negatively affecting energy consumption of the drone.
I. INTRODUCTION
A drone is an unmanned aerial vehicle designed to be flown either through remote control or autonomously using embedded software and sensors, such as GPS. Historically, drones had been used mainly in military for reconnaissance purposes, but with recent developments in light-weight drones operated with batteries, many civilian applications are emerging. Use of drones to deploy small cells in areas of urgent needs is one of the most interesting applications currently being studied by many researchers [1] , [2] , [3] , [4] . The greatest advantage of this approach is that drones can be fitted with small cell base station (BS) equipment and sent to a specific target location immediately without having to deploy any infrastructure.
Recent studies on drone small cells mainly focussed on finding the optimum location in the air for the drone to hover while serving the target area with a given population and traffic demand. For example, authors in [5] studied the problem of finding the optimal height for a drone to cover a fixed target area with the minimum transmission power. Sharma et al. [6] considered a more complex problem involving optimal deployment of multiple drones between the macro and small cell tiers for improving the coverage and capacity of the whole system. Yet, other researchers attempted to optimize the locations in the air for drones to relay traffic between BS and user equipment (UE) to maximize the overall data rates [7] . In all of these studies, only the hovering position in the air is optimized without considering any dynamic repositioning during the service.
The goal of this study is to explore the benefit of dynamic repositioning of the drone during the service in response to the dynamic users activities and mobility. The key idea is to exploit the flying capability and agility of light-weight drones for making the BS continuously 'chasing' the current location of active users within the cell, thereby reducing the distance between BS and UE 1 . By bringing the BS closer to the UE, we can not only reduce the signal attenuation, but also increase the probability of line-of-sight (LoS) for a given altitude of the drone. The combination of these two effects is expected to increase the data rate and hence spectral efficiency of the drone cell.
It is obvious that, for the proposed dynamic repositioning of the drone, autonomous control with embedded software is preferred over ground-based remote control. This means, we need to design algorithms for the drone to continuously reposition itself within the cell in response to user activity and mobility. An associated challenge is to ensure that drone energy consumption is not significantly increased due to dynamic repositioning compared to the strict hovering at the same location as considered in previous studies. To this end, we propose multiple algorithms and evaluate their performances using simulations. We show that the proposed algorithms can increase the spectral efficiency of drone small cells by 15% while being more energy efficient than a fixed one in terms of communication energy efficiency. Without negatively affecting the drone mechanical energy consumption, the spectral efficiency can be improved by 10.5% using our proposed algorithms.
Our contributions can be summarized as follows:
• We introduce and explore the concept of dynamic repositioning as a new method for improving spectral efficiency of drone small cells.
• We propose and evaluate three practically realizable algorithms for autonomous dynamic repositioning of drone BSs. We show that, for all of these algorithms, gain in spectral efficiency increases as a function of drone speed and as such there exists a tradeoff between spectral efficiency and energy efficiency of the drone.
• We show that, dynamic repositioning can deliver 10.5% more spectral efficiency without any negative impact on energy efficiency.
II. SYSTEM MODEL
Let us consider a square area with a width of w (in meter) to be covered by a drone flying at a height of h (in meter) with a constant speed of v (in m/s). Here, we assume the height and the speed of drone are fixed, and it can only change its direction of moving. The drone is responsible to provide high data-rate services for the users in the square area.
In this considered area, there are U users randomly moving according to the Random Way Point model (RWP). The download traffic model for each user follows a traffic model recommended by 3GPP [8] . The interval between each user's request follows Poisson Point distribution with a mean value of (in sec). The request arrival time of a user u is denoted by R u = {t u,1 , t u,2 , t u,3 , . . . }, where the interval between two consecutive arrival times is modeled as the Poisson Point distribution mentioned above. The data size of each request is denoted by s (in MBytes). During the time period from request time of a user to the end of download time, the user is called an active user. We assume that users' position information is piggybacked on control signals.
We further assume that the drone is transmitting data to users with a transmission power of P tx (in watt), f (in Hz) denotes the working frequency of the drone and B (in MHz) is the total bandwidth available for the drone communication.
Moreover, we denote the number of active requests at time t and the amount of allocated bandwidth to the i-th request by q t and
, respectively. The propagation channel is modeled by probabilistic LoS, in which the probability of having a LoS connection between a user and the drone is as follows [9] P LoS (h, r) =
where ↵ and depend on the environment, ✓ equals to arctan(h/r) in degree, h denotes the drone height and r measures the distance between the ground user and the projection of drone location onto the ground. Clearly, the probability of having a NLoS (Non Line of Sight) connection is P NLoS (h, r) = 1 P LoS (h, r). The path loss in dB is then modeled as
where the string variable "path" takes the value of LoS and NLoS for the LoS and the NLoS cases, respectively. In addition, A is the path loss at the reference distance (1 meter) and is the path loss exponent, both obtainable from field tests [10] . Besides, d is the distance (in meter) between the transmitter and the receiver (d = p h 2 + r 2 ), A and take different values for the LoS and the NLoS cases.
The spectral efficiency (bps/Hz) of an active user i at distance d from the drone can be formulated according to the Shannon Capacity Theorem as
where N i (in watt) represents the total noise power including the thermal noise power and the user equipment noise figure, which is given by [11] 
where ue is the user equipment noise figure (in dB), and b i is the user's allocated bandwidth.
In (3), S path i (d) (in watt) indicates the received power of the i-th user from the drone, which can be obtained by
Plugging (5) and (2) into (3), we can simplify the average spectral efficiency as
The drone updates the location of itself continuously in order to maximize the spectral efficiency of the system when it is transmitting data to the active users. We divide the operation time into timeslots of t seconds. At the start of each timeslot, the drone finds a direction to move forward during the timeslot. The direction is selected according to the location of active users to maximize the spectral efficiency of the cell (See figure  1) . As mentioned before, one important challenge is to find the directions and plan the route for the drone considering the spectral efficiency and the energy consumption. Our proposed methods are presented in the following section.
III. THE PROPOSED ALGORITHMS
We propose three different movement strategies to improve the spectral efficiency of the system while taking the energy consumption of the drone into account. These methods will be presented in the following subsections.
A. Equal Bandwidth Division
In this strategy, the drone serves all active users with equal shares of resources. At each defined time slot t, the drone simply divides the total bandwidth equally among all active users and chooses the movement direction to maximize the achievable spectral efficiency of the system. The direction is defined based on the angle created between the movement line of drone and the horizontal line parallel with x-axis. The drone is able to choose any direction in [0 2⇡), however in order to reduce the complexity of the problem, an angle step is defined and denoted by g. the drone. At first, the drone finds its candidate locations following movement towards each possible direction. Then it calculates the new average spectral efficiency for all users at each candidate location and finds the direction/candidate location that maximizes the obtainable average spectral efficiency. Moreover, the average spectral efficiency for the current location of the drone is calculated as well. If the average spectral efficiency of the current location is larger than the achievable value of the selected candidate location, then the drone stays hovering at its current location. Otherwise, it starts moving towards the new direction. The drone specifies a new direction for the next time slot in a similar way. When transmission for a request finishes, the amount of released bandwidth is shared equally between remaining requests. If there is no active user the drone stays hovering at its current location.
B. Nearest User First
In this strategy, instead of allocating equal bandwidth to all active users, just one user receives the whole bandwidth at each time slot. It can be easily shown that the allocation of whole bandwidth to the active user having the highest spectral efficiency will maximize the spectral efficiency at each time slot. Among all active users, the nearest user to the current location of drone BS has the highest value of spectral efficiency. Following this, the drone allocates the whole bandwidth to the nearest active user and moves towards it during each time slot. If more than one user have the same distance from the drone BS, the one with the earliest request time is selected. The drone transmits data to the selected user and repeats the decision making process at each time slot. When there is no request to serve, the drone stays hovering at its current location.
C. Least Buffer First
The above two strategies focus on the spectral efficiency and try to increase it by means of the drone movement. In this strategy, we consider another performance metric, i.e., data buffer, to control the drone's movement. At each time slot, the drone finds the user with the least remaining data to send, allocates the whole bandwidth to it, and moves towards the user. If there are several users with the same remaining buffer, the one with the highest spectral efficiency is chosen.
Considering the same data size for all requests, this strategy is actually the same as the FIFO (First In First Out) strategy. Therefore, this strategy tries to reduce the latency for all users.
IV. PERFORMANCE METRICS
In this section, different performance metrics are defined to evaluate our proposed strategies. These performance metrics are used to compare our movement strategies for the mobile drone BS with a drone BS which is hovering above the center of target area.
A. Spectral Efficiency Gain
One important goal of the mobile drone is to provide high spectral efficiency for the area of interest. Spectral Efficiency Gain (SEG) represents the percentage of spectral efficiency improvement of the mobile drone BS compared with the fixed one, defined as follows
where' m and' s denote the average spectral efficiency value of the mobile drone BS and the fixed one, respectively.
B. Energy Consumption Metrics
Because of the importance of energy consumption for drones, we consider the energy efficiency issue of our proposed strategies. There are two main sources of energy consumption for the drone BS i.e., communication energy consumption and mechanical energy consumption. The communication energy depends on the transmission power and the communication time, which can be expressed by
Furthermore, the Communication Energy Efficiency (CEE) (in bits/joule) is defined to be the ratio of the number of total transmitted bits over the total communication energy, i.e.,
where |R u | shows the number of requests of user u during the operation time, and s bit denotes the request packet size in bit. On the other hand, drones' mechanical energy consumption during hovering and moving depends on parameters like the drone height, the drone speed and etc. Franco et al. [12] have done many experiments in order to formulate the power consumption of drones. The total mechanical energy consumption of the drone (in joule) can be expressed as
where P hovering and P moving denote the power consumption of the drone (in watt) during hovering and moving at a specific height, respectively. Moreover, the Mechanical Energy Efficiency (MEE) (in bits/joule) can be defined as the ratio of the amount of total transmitted bits over the total mechanical energy consumption of the drone during the operation time. MEE can be computed by 
In this section, the performance of the mobile drone BS is compared with the fixed drone BS hovering over the center of target area, which will be referred to as the fixed drone BS strategy hereafter. The fixed drone BS allocates the bandwidth to the users similar to its corresponding mobile drone BS. To make the definition clearer, we should discuss about six different strategies, i.e. (1) and (2), (3) and (4), (5) and (6), because the same bandwidth allocation scheme is used for each pair of strategies. Both mobile drone BSs and the fixed ones have the same configuration such as height, speed and transmission power.
All results are based on the simulations using MATLAB and have been averaged over 200 runs to smooth out the randomness. Users are moving according to the RWP model with the speed range of [0.2-4] m/s. The angle step is set to ⇡/36 (5 ) to both reduce the complexity and ensure the reasonable accuracy of the results. Unless otherwise stated, parameter values used in simulations are according to Table I .
A. Simulation Time Configuration
In this section, we first analyze the (SEG) of our proposed strategies with the assumptions of different simulation times to see how the results converge. Figure 2 shows that the moving drone BS with the speed of 20 m/s can achieve around 13% spectral efficiency gain. Given this figure, the system performance becomes stable after 100 sec. As a result, hereafter the simulation time have been set to 300 sec to obtain meaningful results. The results of the first 100 sec are discarded because they just warm up the simulator.
Another important finding is that the Least Buffer First and the Nearest User First strategies give very similar performance higher than the performance of the Equal Bandwidth Division strategy. This result can be explained by the fact that dividing the bandwidth equally between all active users reduces the average spectral efficiency. Figure 3 shows the SEG with respect to the area width. Similar to the previous figure, Figure 3 indicates that the Nearest User First strategy can obtain the highest gain. One important finding is that the performance gain gets larger as the area size is increasing. This is because that a small area restricts the drone movement. As a result, there is not much difference between the fixed drone BS and the mobile one. In a 100 m ⇥ 100 m area, up to 15% gain can be achieved.
B. The Performance Impact of the Area Width
As stated before, all results are averaged over 200 runs. To check the variance of the results, the standard deviation for the value of spectral efficiency are presented as well. Figure  4 illustrates the standard deviation of spectral efficiency value based on the area width for the mobile drone of the Nearest User First strategy moving with the speed of 20 m/s. The standard deviation of all simulation results is about 0.5 bps/Hz. It is interesting to note that the spectral efficiency of the system model is decreasing when the area is getting wider. It can be due to increasing the average distance between the drone and the users, and consequently decreasing the value of average spectral efficiency.
C. The Performance Impact of the Drone Height Figure 5a shows the SEG with respect to the drone height. With a higher height, the movement of the drone has a smaller effect in reducing the distance between the drone and users Figure 5b shows the spectral efficiency gain with respect to the user density (the number of users per 100 m 2 area). As can be seen from figure 5b, when the area gets denser performance gain wanes, however in more dense area the mobile drone can reach 6% SEG. This result can be explained by the fact that having a larger number of users means more requests distributed over the area. Thus when the drone moves towards one request, the probability of getting far from other requests increases, making the spectral efficiency suffer.
D. The Performance Impact of the User Density

E. Analysis of the Energy Efficiency
Given the numerical results of experiments in [12] , the power consumption of the drone moving at a specific height, is increasing as its moving speed is increasing. Because of the importance of energy consumption for drones, we first study the effect of drone speed on SEG. Figure 5c illustrates that when the speed of the drone is increasing, the gain is increasing as well. It shows a strong relationship between the speed of the drone BS and the achievable spectral efficiency gain. With higher speed, the drone BS is able to become closer to the users in shorter time and transmit data to them with higher data rates. However there is a trade-off between energy consumption and spectral efficiency gain. The power consumption of moving with lower speed, less than 10 m/s, is almost the same as the power consumption of hovering at the same height [12] . On the other hand, moving with the speed of 10 m/s can obtain decent SEG (10.5% gain). Therefore, we compare the energy efficiency of the mobile drone with two different speeds, i.e., 20 m/s and 10 m/s.
According to the definition of the CEE in section IV-B, figure 6 provides the CEE of the mobile drone BS for the Nearest User First strategy compared with the fixed drone BS. From this figure, the CEE of the mobile drone with the speed other, and they are much more efficient than the fixed one. This is due to the reduction of communication time because of the increase of spectral efficiency value for the mobile drone BSs. Another interesting finding is that the energy efficiency decreases when the area becomes larger.
Moreover, the MEE of our proposed strategies is analyzed. As shown in figure 7 , the fixed drone BS is much more energy efficient than the mobile drone with the speed of 20 m/s. Because of the similar value of hovering power consumption and moving with the speed of 10 m/s, the mobile drone BS with the speed of 10 m/s has the same MEE as the fixed drone BS. This result is very encouraging which implies that we can achieve 10.5% spectral efficiency gain and higher CEE by using mobile drone BSs with the speed of 10 m/s compared with the fixed one, while retaining a similar MEE.
F. Summery on the Results
To sum up, the proposed algorithms show considerable gains in terms of spectral efficiency compared with the fixed drone BS scheme. By reducing the speed of the drone, the spectral efficiency gain reduces however better results for energy efficiency can be obtained. It is also found that SEG improves by reducing the height of the drone and increasing the area size. Our proposed methods can even obtain acceptable SEG in dense area. Among three different proposed strategies, the Nearest First User strategy outperforms other ones.
VI. CONCLUSION AND FUTURE WORK
We have proposed dynamic repositioning of the BS as a novel method to increase spectral efficiency of drone small cells. We proposed three simple algorithms that can be used to autonomously reposition the drone in response to user activities and mobility. Our analysis reveals that there is a tradeoff between spectral efficiency and energy efficiency of the drone. We have shown that 10.5% increase in spectral efficiency is possible without any negative impact on the energy efficiency of the drone. Considering multiple drones and 3D movement would be our future work. Besides, we will consider stochastic geometry analysis in our future work. 
